Enhanced erosion performance of cold spray co-deposited AISI316 MMCs modified by friction stir processing by Peat, Tom et al.
 UWS Academic Portal
Enhanced erosion performance of cold spray co-deposited AISI316 MMCs modified by
friction stir processing
Peat, Tom; Galloway, Alexander ; Toumpis, Athanasios; Steel, Russell; Zhu, Wenzhong;
Iqbal, Naveed
Published in:
Materials & Design
DOI:
10.1016/j.matdes.2017.01.099
Published: 15/04/2017
Document Version
Peer reviewed version
Link to publication on the UWS Academic Portal
Citation for published version (APA):
Peat, T., Galloway, A., Toumpis, A., Steel, R., Zhu, W., & Iqbal, N. (2017). Enhanced erosion performance of
cold spray co-deposited AISI316 MMCs modified by friction stir processing. Materials & Design, 120, 22-35.
https://doi.org/10.1016/j.matdes.2017.01.099
General rights
Copyright and moral rights for the publications made accessible in the UWS Academic Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.
Take down policy
If you believe that this document breaches copyright please contact pure@uws.ac.uk providing details, and we will remove access to the
work immediately and investigate your claim.
Download date: 17 Sep 2019
Enhanced erosion performance of cold spray co-deposited 
AISI316 MMCs modified by friction stir processing 
 
Tom Peata, Alexander Gallowaya, Athanasios Toumpisa, Naveed Iqbalb, Wenzhong Zhuc, 
Russell Steeld 
aDepartment of Mechanical & Aerospace Engineering, University of Strathclyde, James Weir 
Building, 75 Montrose Street, Glasgow G1 1XJ, United Kingdom 
bTWI Technology Centre, Wallis Way, Catcliff, Rotherham, S60 5TZ, United Kingdom 
cSchool of Engineering and Computing, University of the West of Scotland, , Paisley,PA1 2BE, 
United Kingdom 
dMegaStir Technologies, Provo, UT, 84058, USA 
Abstract 
The present study reports on the erosion properties of a highly novel surface 
engineering process combining cold gas dynamic spraying and friction stir processing. Tungsten 
carbide – cobalt chromium (WC-CoCr) and aluminium oxide (Al2O3) powders were cold spray 
co-deposited with AISI316 particles using a twin powder feed system. The deposited coatings 
were subsequently friction stir processed to refine and redistribute the reinforcing particles and 
remove the coating-to-substrate interface layer, thus generating a new homogeneous metal 
matrix composite surface. Microstructural analysis of the SprayStirred (cold sprayed then friction 
stirred) specimens revealed significant particle refinement and improved particle distribution 
over the as-deposited coatings. The erosion performance of these SprayStirred surfaces was 
evaluated under a flowing slurry environment and demonstrated an 80% decrease in volume 
loss over the as-received AISI316 at 30O angle of attack. For SprayStirred WC-CoCr, 
microhardness measurements indicated an increase of approx. 530% over the unaltered 
substrate and 100% over the cold sprayed coating. This finding highlights the considerable 
increase in erosion performance of the SprayStirred specimens, and thus demonstrates the 
substantial benefits of this innovative surface engineering process. This outcome is attributed to 
dispersion strengthening, imparted by the refined tungsten carbides. Furthermore, the co-
deposited WC-CoCr coating exhibited an 85% reduction in volume loss over an HVOF sprayed 
WC-CoCr coating when exposed to a similar erosion regime. 
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1. Introduction 
 Particle reinforced metal matrix composites (MMCs) have been shown to offer enhanced 
erosion properties over the bulk material. As such, the level of interest in these engineered 
materials has grown in recent years. Industries engaged in this research include automotive, 
mineral extraction and oil and gas, owing to the cost saving associated with producing wear 
resistant surfaces on cheaper substrate alloys. The present study examines a novel surface 
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engineering technology combining cold gas dynamic spraying (cold spray) and friction stir 
processing, that has been optimised to successfully produce particle reinforced MMCs on the 
surface of AISI316. 
 Cold spray is a solid state coating technology that is used to produce coatings that retain 
the material properties of the feedstock powder. Coating deposition is achieved by accelerating 
the feedstock material to a supersonic velocity using a compressible carrier gas such as 
nitrogen or helium. The particles undergo extensive plastic deformation as they impact on the 
target surface which promotes bonding with the substrate material. The specific details relating 
to the bonding mechanisms are detailed elsewhere [1–3]. Cold spray offers several distinct 
advantages over high temperature coating processes including the prevention of oxidation [4], 
thermally induced phase changes [4,5], and tensile residual stresses [6]. Additionally, the cold 
spray process is capable of generating compressive residual stresses that enhance the fatigue 
performance of coatings over traditional thermal spray methods [7]. These key advantages are 
expanded upon in the published literature [8]. 
 The deposition of erosion resistant feedstock powders such as cermets or oxides, has 
traditionally been difficult to achieve using the cold spray process. This is a result of the low 
ductility, and thus, limited plastic deformation of these erosion resistant powders, at the 
temperatures experienced during cold spray. Several research groups have attempted to 
overcome this limitation of the cold spray process by premixing ductile and cermet or oxide 
feedstock material [9] or by making use of agglomerated powders [10]. The drawbacks 
associated with premixing and using agglomerated powders are reviewed in the published 
literature [8].  
In the present study, the difficulties in depositing erosion resistant coatings has been 
overcome using a novel co-deposition technique, whereby, the cermet or oxide powder 
(reinforcement) is co-deposited with a comparably ductile feedstock powder (binder), using a 
twin powder feed system. In this setup, two separate powder feeders supply the reinforcement 
and binder powders simultaneously to the cold spray nozzle, thus eliminating the need for 
premixing. 
The strength of MMCs derives from the pinning of matrix dislocations by the reinforcing 
particles [11], with the amount of strengthening closely linked to the size, distribution and 
quantity of reinforcements within the matrix [12–15]. The cold spray process imparts further 
strength to the binder particles in the form of work hardening [12] and grain refinement [16,17]. 
Severe plastic deformation of the binder produces an elongated grain structure, accompanied 
by an associated build up of dislocations resulting in work hardening [12]. Binder particles that 
directly impact the surface of the substrate, and hence experience particularly extensive plastic 
deformation, exhibit a finer grain structure when compared with the feedstock material. The high 
pressures that are generated when these particles impact the substrate cause the elongated 
grains to recrystallize [17,18], thus producing the finer grain structure. Several investigations 
have evaluated the erosion and sliding wear properties of MMCs [19–21] and report a 
substantial reduction in the erosion rate of particle reinforced MMCs over the uncoated 
substrate. 
The cold spray process does, however, exhibit some notable drawbacks [22]. Often, the 
cold spray deposition of MMCs produces an inhomogeneous microstructure, with clustered 
reinforcements yielding areas of unreinforced matrix [23]. Furthermore, delamination can occur 
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between coating and substrate, owing to the low adhesive strength as a result of the particles 
remaining below the solidus as they impact the surface of the substrate [24]. 
This investigation incorporates a novel two-stage surface engineering process referred 
to as SprayStir. The first stage involves the deposition of an MMC coating by cold spray. To 
mitigate the aforementioned disadvantages of the cold spray process, shallow penetration 
friction stir processing (FSP) is employed to modify the deposited coating and top surface of the 
substrate. The FSP process is detailed in prior studies [8,25,26] 
Despite the reported improvements to the tribological and microstructural properties of 
different alloys by FSP [27,28], the use of FSP on cold sprayed steel has not been extensively 
examined. However, one study by Morisada et al. [29] reported a 65% increase in the hardness 
of a friction stir processed, HVOF deposited MMC over the as-deposited coating. The authors 
attributed this to the refinement and improved distribution of the tungsten and chromium 
carbides. Additionally, defects such as microcracking and porosity were eliminated post-FSP. 
Existing research concerning cold spray deposited MMCs is limited primarily to aluminium 
based MMCs  [21,27,28]. Hodder et al. [23] investigated the effects of FSP on a cold spray 
deposited MMC containing Al2O3 particles. While the authors [23] highlighted the increased 
refinement and improved distribution of the oxides, they failed to examine the impact of these 
parameters on the erosion performance of the MMC. Huang et al. [31] investigated the effect of 
FSP on AA5056 reinforced with SiC particles. This group [31] carried out a microstructural 
examination of the post-FSP coating and reported significant refinement of the SiC particles. 
Moreover, a preliminary wear study revealed that the presence of the refined reinforcing 
particles increased the coefficient of friction over the as-received aluminium [31]. 
The present study advances the existing knowledge by examining the impact of FSP on 
cold spray co-deposited, steel based MMCs. The erosion performance of the MMC coatings 
(pre- and post-FSP) was evaluated under an impinging slurry at 90O and 30O angles of attack. 
The mass and volume loss of each specimen was measured, and the wear scar region 
inspected to identify the mechanisms that resulted in the removal of the coating. 
2. Methodology  
2.1 Materials 
Tungsten carbide (WC-CoCr) and Al2O3 reinforced MMC coatings were deposited on 
stainless steel plates (AISI316). WC-CoCr is an agglomerated powder containing nano- and 
micro-scale tungsten carbides retained by a cobalt-chromium binder. The WC-CoCr particles 
are spherical and have an average diameter of 31 µm (Fig.1a). The structure of the WC-CoCr 
and the presence of a metallic binder enables minor particle deformation upon contact with the 
substrate. Existing studies [20,32,33] have demonstrated the superior erosion performance of 
this coating under dry and slurry testing [20]. 
In contrast, the Al2O3 particles contain no metallic binder and hence do not deform upon 
impact with the surface of the substrate. The faceted shape of the oxides is highlighted in Fig. 
1b. The dissimilar size of the WC-CoCr and Al2O3 particles employed in this study is due to the 
reported [34] enhanced deposition efficiency and increased adhesive strength [34] of larger 
grades of Al2O3. Like WC-CoC, Al2O3 reinforced MMCs have also been found to exhibit 
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improved erosion properties [35]. Additionally, the oxide particles offer of low cost alternative to 
the expensive WC-CoCr agglomerated powder.  
Powders were deposited onto AISI316 as this alloy is commonly utilised in highly erosive 
working environments [36]. The co-deposited binder comprised AISI316 powder particles. This 
material was selected to ensure the stir zone would maintain the same chemical composition as 
the as-received AISI316 substrate alloy. The chemical composition of the powders and the 
substrate can be found in Table 1 and Table 2 respectively.  
 
Fig. 1. Scanning electron micrographs of the feedstock powder particles [x800]. a) WC-CoCr; b) Al2O3 
Table 1. Powder composition [37–39] 
Coating 
Material 
Composition (wt.%) 
Average Particle 
Size (µm) 
WC-CoCr W - 10Co - 5.5C - 4.4Cr  31 
Al2O3 100Al2O3 76 
AISI316 
Fe – 17Cr - 12Ni – 12.5Mo 
– 1.5Mn – 0.7Si 
20 
Table 2. Chemical composition of AISI316 substrate [40] 
Element C Mn P S Si Cr Ni Mo 
wt.% 0.08 2 0.045 0.03 0.75 16-18 10-14 2-3 
*max values unless otherwise stated 
2.2 Cold spray parameter development and deposition 
Cold spray co-deposition of the MMCs utilised a high pressure cold spray system (CGT 
Kinetiks 4000) connected to two powder feeders (Kinetiks PF 4000). The two powder feeders 
operated in parallel and supplied the binder and reinforcing particles simultaneously to the cold 
spray nozzle. A schematic diagram of the cold spray setup can be seen in Fig. 2. 
An optimisation study was carried out to determine the powder feed rate that maximised 
the quantity of cermet/oxide particles deposited on the substrate. Three reinforcement loading 
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ratios were examined (30%, 60%, and 90%), with subsequent image analysis revealing that 
90% reinforcement to 10% binder resulted in the greatest quantity of reinforcing particles in the 
MMC.  
 
Fig. 2. Schematic diagram of the cold spray apparatus. 
A conventional de-Laval nozzle using a nitrogen a nitrogen carrier gas was used to 
accelerate the powder particles to the necessary velocity. Prior work [41] identifies gas 
pressure, gas temperature and scanning speed as having the greatest influence on the quality 
(minimal porosity, large bonded surface area, cohesive strength) of the coating. Spraying 
parameters were optimised to yield a dense, well adhered coating, with the identified process 
parameters presented in Table 3. The selected deposition ratio and optimised spraying 
parameters produced 0.38 – 0.44 mm thick coatings. 
Table 3. Optimised cold spray deposition parameters 
Gas 
Pressure 
(MPa) 
Gas Temperature 
(°C) 
Scanning 
Speed (mm/s) 
Stand-off 
Distance (mm) 
4 800 500 20 
 
2.3 FSP parameter development and setup 
 FSP of the cold sprayed plates was carried out using a TTI precision spindle friction stir 
welding/processing machine. In the present study, two tool configurations were utilised. The 
first, made of tungsten carbide and rhenium (W-Re), was used to process the uncoated AISI316 
and Al2O3 coated plates. This tool featured a threaded 5 mm pin [42] and incorporated a 
concentric circular pattern on the shoulder. FSP of the WC-CoCr reinforced coating 
necessitated the use of a polycrystalline Boron Nitride (pcBN) tool due to the excessive wear of 
the W-Re tool when processing the WC-CoCr coating. To maintain consistency in the 
investigation, the pcBN tool comprised similar features to the W-Re tool including a 5 mm 
threaded pin and concentric circular features on the shoulder. However, due to the design of the 
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cooling system for the pcBN tool, no tilt angle was applied. Additionally, the pcBN tool rotated in 
an anti-clockwise direction. To prevent any movement of material during processing, the plates 
were secured to the tool bed using a mechanical clamping system.  
FSP processing parameters were established for the uncoated AISI316 by examining 
the effect of tool traverse and rotational speed, and plunge depth on the stir zone. The outcome 
of the study highlighted plunge depth as having the greatest impact on the quality of the stir 
zone. The processing parameters that resulted in a good quality stir zone are offered in Table 4. 
For this study, the quality of the stir zone was based on the lack of surface voids and minimal 
flash [26]. 
Table 4. FSP parameters 
Tool Type 
Pin 
Length 
(mm) 
Shoulder 
Diameter 
(mm) 
Rotational 
Speed (rpm) 
Traverse 
Speed 
(mm/min) 
Plunge 
Depth 
(mm) 
Tilt 
Angle (
O
) 
W-Re 5.7 18 250 100 5.9 2 
pcBN 5.75 25.4 800 76 N/A 0 
 
2.4 Evaluation methods 
2.4.1 Microstructural characterisation 
 A precision cutting wheel (Accutom 5) was used to cut transverse cross sections of the 
stir zone to examine the microstructure of the coatings pre- and post-FSP. Standard 
metallographic preparation techniques were used to prepare the sectioned specimens to a 0.5 
µm finish. The various regions within the stir zone that are discussed throughout this work are 
displayed in Fig. 3. 
 
Fig. 3. Macroscopic cross section of the SprayStirred WC-CoCr MMC layer. 
Micrographs of the prepared surfaces were captured using an Olympus G51X light 
optical microscope. The ratio of matrix to reinforcements within the pre- and post-FSP 
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specimens was measured at 500x magnification using image analysis software. Three 
micrographs were examined for each MMC, to determine the average reinforcing particle 
content. The coating porosity was measured in accordance with the process outlined in ASTM 
E2109 – 01 [43]. High magnification electron micrographs of the MMCs depicting the distribution 
of carbides and oxides within the matrix were obtained using a scanning electron microscope 
(SEM), (Hitachi S-3700). Energy dispersive spectroscopy (EDS), using Oxford Instruments 
INCA software, was employed to map the positions of various elements within the MMC and 
highlighted the distribution of the reinforcing particles.  
The average interparticle spacing between the reinforcing particles was established pre- 
and post-FSP using a statistical analysis approach developed by Khare & Burris [44]. This 
method  [44] calculated the free-space length between neighbouring particles. This is achieved 
by randomly placing squares of progressively smaller width, until the average number of 
intersecting reinforcing particles is zero. In the present study, the number of random squares 
placed on the images was 10,000.  
2.4.2 Microhardness and nanoindentation analysis 
 The microhardness of the SprayStirred and as-deposited MMCs was measured using a 
Mitutoyo MVK-G1 microhardness tester with a 4-sided diamond indenter. Indents were made 
using an applied load of 200 gf at several locations across the width of the stir zone (Fig. 3). The 
results were analysed to determine the influence of FSP on the average hardness, as well as 
identify the average hardness in the different stir zone regions (Fig. 3).  
 The nanoindentation analysis was carried out using the Agilent Nano Indenter G200. 
The measurement involves continuously monitoring the load and displacement (i.e. depth of 
indentation into specimen surface) of an indenter during an indentation load-unload cycle. A 
Berkovich indenter [45] was used for this study. To establish the hardness of the specimen, the 
maximum load is divided by the contact area, which corresponds to the depth of the indentation. 
A comprehensive explanation of the nanoindentation process is discussed elsewhere [45]. A 
total of 100 Indentations were made at 10 m intervals, covering a total surface area of 100 
m2. The nanoindentation results were converted from GPa to HV using the conversion factor 
stated in ASTM E92 – 16 [46], to enable a direct comparison with microhardness.  
2.4.3 Slurry erosion testing 
Slurry erosion testing was carried out using a recirculating slurry solution comprising 
3.5% NaCl solution and FS9 grade angular silica (SiC) particles with an average size of 0.4 mm. 
A detailed description and schematic of the test apparatus is reported elsewhere [8]. This 
design of test rig has been used extensively by researchers examining the erosion performance 
of materials under flowing conditions [20,47,48]. Flow velocity, sand content and standoff 
distance have all been shown to directly affect the level of erosion experienced by specimens 
exposed to slurry testing [49,50]. A recirculating system enables accurate control over these 
variables, thereby ensuring consistent testing conditions. 
Test coupons were sectioned from the cold sprayed and SprayStirred plates using 
water-jet cutting equipment. Any surface roughness was removed with 500-grit SiC paper. Test 
coupons were secured directly beneath the jet nozzle and fully submerged in the slurry solution. 
Specimen holders positioned at 30O and 90O to the slurry facilitated the assessment of different 
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angles of attack. Test coupons were weighed pre- and post-testing to establish to total mass 
loss. The rig (Fig. 4) was flushed with fresh water following each test to remove any trace of SiC 
particles. The mass loss from an AISI316 control specimen was measured prior to the 
assessment of the MMCs to ensure constant erosive conditions. The specific test parameters 
for the erosion study can be found in Table 5. 
Table 5. Solid liquid impingement test parameters. 
Flow Velocity 
(m/s) 
Sand 
Concentration 
(g/l) 
Standoff 
Distance (mm) 
Test Time 
(min) 
Sample 
Dimensions 
(mm) 
18 1 5 60 20x20 
A focal variation microscope (Alicona Infinite Focus G4) [51] was used to establish the 
volume of the wear scars generated by the impinging slurry. The system [51] constructs a 3D 
model by layering multiple images of the wear scar region at different focal lengths. This model 
contains numerous data points that are measured in relation to a reference plane that 
represents the original top surface of the specimen. The volume of the wear scar was calculated 
by measuring the distance between the data points and the reference plane. 
3. Results and Discussion 
3.1 MMC coating characterisation 
3.1.1 Light optical microscopy 
Fig. 4 depicts the approx. location within the as-deposited and SprayStirred MMCs from 
which the micrographs in Fig. 5 were taken. Fig. 4a exhibits the microstructure of the as-
deposited WC-CoCr MMC in which no cracking is observed. More importantly, Fig 4a does 
illustrate the abrupt interface between the cold sprayed coating and the substrate, a typical 
cause of delamination [10]. In the SprayStirred condition (Fig. 4b), there is a gradual transition 
from the coating into the surface, with the coating now an intrinsic part of the bulk material. The 
indicated porosity was found to be less than 0.5%, and thus was considered zero in accordance 
with ASTM E2109 – 01. The absence of any defects is attributed to the significant plastic 
deformation of the AISI316 binder particles as they impact on the surface of the substrate. The 
absence of defects in the coating is due to the ductility of the binder at the point of contact; this 
binder deforms around the carbides and oxides resulting in minimal porosity. 
Agglomerates of WC-CoCr particles are present in the as-deposited MMC. This 
inhomogeneous distribution of reinforcements produces regions that contain high 
concentrations of carbides and regions that contain no reinforcements. Thus, the material 
properties of the MMC are not uniform throughout the coating. Image analysis calculated that 
the coating contains approx. 60% reinforcements to 40% matrix. This value is less than the 90% 
ratio that was supplied to the nozzle by the powder feeder due to the comparably ductile 
AISI316 experiencing greater deformation than the WC-CoCr cermet. At the point of impact, the 
limited ductility of the WC-CoCr particles causes some to rebound from the surface, resulting in 
a lower quantity within the MMC. 
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Fig. 5 presents the microstructure of the as-deposited and SprayStirred WC-CoCr 
coatings and highlights the variation in the microstructure pre- and post-FSP. Fig. 5b exhibits 
significant dispersal of the WC-CoCr agglomerates observed in the as-deposited condition (Fig. 
5a). This dispersal is limited to the top surface of the stir zone, with the larger as-deposited 
agglomerates located further from the surface. The variable microstructure through the depth of 
the stir zone is related to the increased plasticity at the surface of the stir zone and occurs with 
close proximity to the shoulder of the tool where the frictional heat is highest. 
 
Fig. 4. Micrographs that highlight the approx. location of images shown in Fig. 5 [x100]. a) As-deposited 
cold spray coating; b) SprayStirred coating 
The refinement of the agglomerates on the top surface is associated with the shear force 
that is exerted by the shoulder as it stirs the plasticised material [52,53]. During FSP, this 
shearing by the rotating tool deforms the agglomerates beyond the elastic limit of the Co-Cr 
binder and AISI316 resulting in the dispersal of the individual carbides throughout the matrix. 
The deformation of the WC-CoCr agglomerates is demonstrated in Fig. 6.  
 
Fig. 5. Light optical micrographs of the WC-CoCr reinforced MMC [x500]. a) As-deposited; b) SprayStirred 
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Fig. 6. Deformation of the WC-CoCr agglomerates [x500]. 
The microstructures of the as-deposited and SprayStirred Al2O3 reinforced MMC are 
exhibited in Fig. 7. Fig. 7b demonstrates significant refinement of the as-deposited oxides 
(compared to Fig. 7a). During FSP, the shear force exerted by the tool fractured the large 
particles and distributed them throughout the plasticised AISI316 matrix. Consequently, this has 
produced a homogeneous distribution of the reinforcing particles when compared to the as-
deposited coating. As was observed in the WC-CoCr reinforced MMC, the level of particle 
refinement in the SprayStirred Al2O3 is greater towards the top surface of the stir zone. 
 
Fig. 7. Light optical micrographs of the Al2O3 reinforced MMC [x500]. a) as-deposited; b) SprayStirred 
3.1.2 Scanning electron microscopy 
EDS was employed to generate maps that depict the position of specific elements within 
the MMC. By highlighting the various elements within the MMC, the distribution of the 
reinforcing particles can be observed and hence, the level of refinement achieved by FSP can 
be clearly exhibited. The particle distribution before and after FSP for the Al2O3 reinforced MMC 
is exhibited in Fig. 8 and shows that FSP has successfully improved the dispersion of the 
reinforcing particles and caused substantial refinement of the as-deposited oxide particles. EDS 
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software calculated the wt.% of the various elements within the MMC coating, with the results 
offered in Table 6. 
 
Fig 8. EDS maps showing the distribution of Al2O3 reinforcing particles [x500]. a) As-deposited; b) Al2O3. 
Table 6. EDS elemental analysis (wt.%) 
  Mn Al Cr Ni Co W Fe O Mo 
As-Deposited 
WC-CoCr 0.62  10.46 4.73 4.91 49.63 28.60   
Al2O3  10.56 14.72 9.80   54.01 7.12 2.51 
SprayStirred 
(Retreating) 
WC-CoCr 0.77  9.71 5.01 5.92 51.27 27.32   
Al2O3 1.12 6.56 16.06 10.03   58.47 5.23 2.53 
SprayStirred 
(Advancing) 
WC-CoCr 0.57  10.16 5.08 5.46 50.24 28.49   
Al2O3 1.33 9.18 15.71 10.22   56.02 5.52 2.02 
  
Image analysis established that equivalent quantities of reinforcements were present in 
the as-deposited and SprayStirred MMCs. This outcome confirms that the reinforcing particles 
are redistributed during FSP, as opposed to being removed. Similar wt.% of reinforcing particles 
were measured in the retreating and advancing sides of the stir zone, thus demonstrating that 
the carbide/oxide reinforcements have been evenly distributed across the top surface of the stir 
zone. 
3.1.3 Microhardness 
The broad scatter of microhardness results (Fig. 9) associated with several of the values 
is related to the specific locations (Fig. 3) on which the indents were produced and the highly 
dissimilar hardness values of the AISI316 matrix and the reinforcements. Indents on regions 
with increased carbide density, i.e. the agglomerates, yield a high hardness, due to the greater 
hardness of the carbides. Correspondingly, areas void of reinforcements exhibit a comparably 
low hardness. 
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 For the as-received AISI316 (no coating), FSP has increased the average hardness 
within the stir zone by approx. 20%. This finding is widely reported in existing literature  [27,54] 
and is attributed to the grain refinement generated by FSP.  
The SprayStirred WC-CoCr specimen demonstrated a significant hardness increase 
(500%) over the as-received AISI316 in the centre of the stir zone. This location correlates to 
the region (Fig. 3) that has experienced the greatest level of particle refinement. Thus, the result 
is in agreement with previous work which attributes hardening to the presence of evenly 
dispersed nanoscale carbides [15]. Furthermore, the SprayStirred WC-CoCr coating was found 
to be approx. 100% harder than the as-deposited WC-CoCr MMC, thereby highlighting the 
benefits of the SprayStir process over cold spray alone. 
 The SprayStirred Al2O3 coating exhibits a 50% increase in hardness over the as-
received AISI316. However, this value corresponds to a 25% reduction in hardness when 
compared to the as-deposited Al2O3 coating. This surprising outcome contradicts the existing 
literature that reports increased hardness with improved particle distribution [55]. This finding is 
a consequence of the low wt. % of Al2O3 particles contained within the MMC. Specifically, the 
low reinforcement content yields greater spacing between neighbouring Al2O3 reinforcements, 
thereby enabling the microhardness indenter to plastically deform the AISI316 matrix. 
 
Fig. 9. Average microhardness values across the stir zone (Fig. 3). 
3.1.4 Nanoindentation study 
Optical micrographs depicting the nanoindentation impressions on the cross sectioned 
surface of the as-deposited and SprayStirred MMCs can be seen in Fig. 10. EDS analysis has 
confirmed that the dark-shaded regions correspond to the reinforcing particles and the light-
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shaded areas represent the AISI316 matrix. Fig. 11a and Fig 11b exhibit hardness maps of the 
indented regions on the as-deposited and SprayStirred specimens respectively. 
 
Fig. 10. Optical micrographs of nanoindentation impressions on the a) as-deposited, b) SprayStirred WC-
CoCr reinforced MMC [x500]. 
 
Fig. 11. Hardness maps of the examined area: a) WC-CoCr reinforced MMC, b) Al2O3 reinforced MMC. 
The high and low hardness values, shown in Fig 11 correlate to the locations of 
reinforcing particles depicted in the micrograph (Fig. 10). The hardness map of the SprayStirred 
surface highlights a more uniform hardness distribution throughout the examined region, 
thereby demonstrating the homogenising effect of FSP.  For example, the maximum recorded 
hardness of the WC-CoCr MMC was found to be in the range of 3000-3500 HV and was located 
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at point g11. Post-FSP, there are no high hardness peaks. Instead, the WC-CoCr agglomerates 
on which these high values were measured have been redistributed throughout the MMC. 
The nanoindentation analysis also indicates a greater hardness value than was 
measured during the microhardness analysis. In the latter, the load applied to the surface of the 
specimen created an indent several microns deep. Given that the size of this indent is greater 
than the reinforcement size, the measurement represents the average hardness of the 
reinforcement and the surrounding matrix.  In nanoindentation, the impressions have a max 
depth of approx. 300 nm, therefore the limitations associated with microhardness assessment 
are avoided. Hence, the nanohardness examination offers a more precise indication of the 
hardness at specific regions within the MMCs.  
3.1.6 Interparticle spacing 
 Prior research [12,15] correlate the increased hardness of the MMC to improved 
homogeneity in particle distribution. Moreover, the studies highlight enhanced hardness with 
decreasing particle spacing (interparticle spacing) [15]. A statistical method developed by Khare 
& Burris [44] was employed to evaluate the distribution of reinforcements in the current study. In 
this method, particle agglomerates are accounted for as it is the free-space of the matrix, rather 
than the number of particles that is measured. The results are presented in Table 7. 
Table 7. Interparticle distance 
Coating WC-CoCr Al2O3 
Interparticle distance (µm) 
(as-deposited) 
15.3 22.6 
Interparticle distance (µm) 
(SprayStirred) 
1.4 2.6 
Reduction in interparticle 
distance (%) 
91 88 
 
In the as-deposited condition, the WC-CoCr reinforcements exhibit smaller interparticle 
spacing than was measured between the as-deposited Al2O3 particles. This outcome is primarily 
attributed to the lower oxide content within the MMC (Section 3.1.1). Furthermore, the structure 
of the WC-CoCr particles allows for slight deformation upon contact with the surface. This 
deformation enables the carbides to coalesce with surrounding particles and hence contributes 
to the lower interparticle spacing of the WC-CoCr reinforcements. 
The WC-CoCr cermet is comprised of nanoscale carbides retained by a CoCr binder. 
Therefore, it is not necessary for FSP to refine any of the carbides. Instead, FSP must deform 
the WC-CoCr agglomerate beyond its elastic limit, thereby allowing the carbides to be 
distributed throughout the plasticised AISI316 matrix. This requires less energy than what would 
be necessary to fracture particles and, therefore, accounts for the significant drop in the 
interparticle spacing in the WC-CoCr MMC. 
SprayStirred Al2O3 demonstrates a marginally smaller reduction in interparticle distance 
of 88%. The decrease in the level of refinement experienced by the Al2O3 particles, as 
compared with the WC-CoCr MMC, is primarily ascribed to the morphology of the oxide 
particles. Unlike the WC-CoCr, the Al2O3 reinforcements are solid particles without any inherent 
ductile binder and hence, require more energy to fracture and redistribute. 
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3.2 Slurry erosion study 
3.2.1 Mass loss 
The pre- and post-FSP mass loss for the two MMCs and the AISI316 is presented in Fig. 
12. The influence of FSP on the mass loss has been measured following impingement at 90O 
and 30O and is shown in Fig. 12a and Fig 12b respectively. Due to the dissimilar densities of the 
WC-CoCr and Al2O3 reinforcements, the mass loss cannot be used to compare the two MMCs 
and the AISI316. However, the measurements do provide an indication as to the relative erosion 
performance of each coating under 90O and 30O angle of attack. 
 
Fig. 12. Mass loss of the MMC coatings pre- and post-FSP; a) 90
O
 angle of attack, b) 30
O
 angle of attack. 
For both MMCs, the SprayStirred specimen has exhibited a reduction in mass loss over 
the as-deposited coating and the as-received AISI316. In the case of the uncoated AISI316, the 
improved erosion performance measured in the friction stir processed specimen is accredited to 
the grain refinement generated by FSP and the corresponding hardness increase [54].  
Examination of the mass loss highlights superior erosion resistance of the SprayStirred 
MMC as compared to the corresponding cold sprayed coating. This improvement is related to 
the homogeneous distribution of the reinforcements throughout the MMC. This distribution 
reduces the surface area of unreinforced material that is exposed to the impinging slurry and 
also increases the hardness of the matrix through dispersion strengthening [12]. The harder 
matrix is more resistant to erosion at shallow angles of attack, owing to the specific erosion 
mechanisms operating at shallow and steep angles of impingement [56]. These mechanisms 
will be discussed in detail in Section 3.2.3.   
3.2.2 Volume loss 
 To directly compare the erosion performance of the different specimens, the volume of 
the wear scar produced by the erosive slurry was measured for each specimen at 90O and 30O 
impingement (Fig. 13) using a focal variation microscope (Alicona Infinite Focus G4). 
Post-FSP, the uncoated specimens experienced a significant reduction (45%) in volume 
loss under 300 angle of attack (Fig. 13b). However, at 900 impingement (Fig. 13a), post-FSP 
AISI316 only exhibited a 6% drop in volume loss. This outcome is a consequence of the grain 
refinement within the stir zone and corresponding hardness increase (Fig. 9). Aquaro et al. [57] 
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report improved erosion resistance of harder alloys at shallow angles of attack due to the harder 
alloy being more resistant to the ploughing and cutting damage operating at such angles [57]. 
 
Fig. 13. Measured volume loss pre-and post FSP; a) 90
O
 angle of attack, b) 30
O
 angle of attack. 
In the SprayStirred condition, the WC-CoCr reinforced MMC has yielded a 52% and 70% 
reduction in volume loss at 90O and 30O impingement, over the post-FSP AISI316. This 
outcome represents a significant improvement to the erosion performance of the AISI316 
following the application of the SprayStir process. Additionally, a 77% and 67% reduction in the 
volume loss has been recorded for the SprayStirred WC-CoCr MMC, over the as-deposited 
WC-CoCr. This outcome demonstrates the beneficial impact of FSP on the erosion performance 
of the engineered surface and also confirms the significant influence of particle distribution on 
the subsequent erosion performance. Furthermore, the SprayStirred WC-CoCr has exhibited 
superior erosion performance to an HVOF deposited WC-CoCr coating under similar testing 
conditions [58]. The SprayStirred coating exhibits an 85% reduction in volume loss over the 
values reported by Peat et al. [58]. 
Under 90O impingement (Fig. 13a), the SprayStirred Al2O3 reinforced MMC offers no 
measurable improvement to the erosion performance over the as-received AISI316. However, 
at 30O the SprayStirred Al2O3 measures a 36% drop in the volume loss. At shallow angles of 
attack, the impinging particles cut and plough the soft matrix alloy [56,59]. Conversely, at high 
impact angles, the process of material removal begins with the formation of impact craters on 
the surface of the impinged region. The SprayStirred Al2O3 has provided greater erosion 
resistance at 30O impingement due to the refined oxides limiting the depth of the cutting and 
ploughing produced by the SiC particles. The fracture and pull out of the oxides under 90O 
impingement has resulted in no change to the volume loss. Despite the significant refinement of 
the  Al2O3 oxides, the particles are still larger than the tungsten carbides (Table 1). 
Consequently, the superior erosion performance of the SprayStirred WC-CoCr MMC aligns with 
a greater quantity of reinforcements, smaller particle size and reduced interparticle spacing.  
3.2.3 Wear scar analysis  
To elucidate the findings of the volume loss analysis, micrographs of the impinged 
region were examined to identify the mechanisms resulting in the removal of material. Fig. 14 
presents the macroscopic images of the examined wear scar surfaces. The images (Fig 15) 
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depict the different erosion mechanisms operating on the surface of the uncoated AISI316 for 
each angle of attack. At 90O (Fig. 15a), the damage on the surface of the specimen is 
dominated by the production of impact craters and corresponding thinned material on the 
periphery of these craters [57]. Subsequent strikes remove the weakened AISI316 located on 
the edge of the craters through a low cycle fatigue process. At 30O impingement, material 
removal occurs through the cutting of the soft AISI316 matrix. These findings align with the 
reported erosion mechanisms of ductile alloys [56]. 
 
Fig. 14. Optical macrographs of the wear scar a) as-received AISI316 at 90
O
, b) post-FSP AISI316 at 30
O
 
 Fig. 16a depicts the erosive damage on the as-deposited WC-CoCr coating at 30O angle 
of attack. The image reveals evidence of cutting and ploughing similar to that observed on the 
unreinforced AISI316. However, the level of plastic deformation on the specimen surface is 
noticeably less, thus highlighting the beneficial impact of the WC-CoCr. However, at 90O erosion 
is dominated by cracking and pull out of the carbides from the matrix. Repeated SiC impacts 
cause cracking within the WC-CoCr agglomerates. As the cracks grow and intersect with the 
matrix, the WC-CoCr agglomerates are loosened and are eventually dislodged from the MMC 
leaving a void. 
 The damage to the SprayStirred WC-CoCr MMC at 30O impingement can be seen in Fig. 
16b. The ploughing observed in the as-deposited coating (Fig. 15b) does not exist on the 
surface of the SprayStirred WC-CoCr MMC (Fig. 16b). When the size of the eroding particles is 
substantially greater than the refined reinforcements, the carbides are incapable of deflecting 
the impinging particles. Instead, the carbides increase the hardness of the matrix through 
dispersion strengthening [12]. This subsequently reduces the depth of the surface damage, 
thus, decreasing the volume of the wear scar. Similar erosion mechanisms have been reported 
in existing literature [20,32]. Additionally, uniform distribution of the reinforcing particles reduces 
the surface area of the unreinforced matrix that was exposed to the slurry solution, thus 
reducing the damage on the surface of the specimen. 
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Fig. 15. SEM micrographs of impinged region on the AISI316 [x1500]; a) 90
O
 [x1500], b) 30
O
 [x1200]. 
Fig. 16. SEM micrographs of impinged region on the WC-CoCr reinforced MMC following impingement at 
30
O
; a) As-deposited WC-CoCr [x1200], b) SprayStirred WC-CoCr [x1500]. 
Fig. 17 highlights the damage to the as-deposited (Fig 17a) and SprayStirred (Fig 17b) Al2O3 
reinforced MMCs following impact at 30O. The micrographs (Fig.17) illustrate similar damage to 
the uncoated AISI316, specifically exhibiting signs of ploughing and cutting. While the oxides 
are capable of the deflecting the impinging SiC particles, Al2O3 is not present in sufficient 
quantities to enhance the erosion performance of the coating. 
The reduced volume loss measured on the SprayStirred Al2O3 specimen is attributed to 
the homogeneous distribution of the refined oxide particles imparting hardening through 
dispersion strengthening [15]; thereby making the surface more resistant to ploughing and 
cutting by the SiC particles. While not as effective as the WC-CoCr reinforced MMC, the 
SprayStirred Al2O3 offers improved erosion performance over the as-received and post-FSP 
AISI316 
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Fig. 17. SEM micrographs of impinged region on the Al2O3 reinforced MMC following impingement at 30
O
; 
a) As-deposited [x1200], b) SprayStirred [x1500]. 
4. Conclusions 
This study evaluated SprayStir as a surface engineering processes for producing highly 
erosion resistant particle reinforced MMCs on AISI316 substrate. WC-CoCr and Al2O3 feedstock 
powder particles were successfully co-deposited with AISI316 binder particles to produce 
particle reinforced MMC coatings. The coatings have subsequently been modified using FSP to 
refine and redistribute the reinforcing particles. Based on the findings of this investigation, the 
following conclusions can be drawn: 
 
 The substantial plastic deformation generated by FSP has resulted in the dispersion of 
the as-deposited WC-CoCr agglomerates and refinement of the Al2O3 particles. 
Moreover, examination of optical and scanning electron micrographs reveal an even 
distribution of reinforcements across the top surface of the stir zone. 
 The average microhardness of the SprayStirred WC-CoCr was 1120 HV. This result 
correlates to a 50% increase over the cold sprayed coating and a 500% increase over 
the as-received AISI316. This increase has been achieved through dispersion 
strengthening imparted into the matrix by the nanoscale carbide reinforcements. 
 Nanoindentation shows a significant reduction in the range of the measured hardness 
values in the SprayStirred condition. Therefore, the SprayStir process has improved the 
hardness homogeneity, thereby generating uniform mechanical properties throughout 
the MMC. This homogenising effect was exhibited in both the WC-CoCr and Al2O3 
reinforced MMCs. 
 The interparticle spacing measurements demonstrate a 91% and 88% reduction in the 
spacing of the WC-CoCr and Al2O3 reinforced MMCs post-FSP. In both cases, FSP has 
successfully refined the as-deposited particles and distributed them throughout the 
MMC. 
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 Wear scar analysis displays dissimilar erosion mechanisms operating at 90O and 30O 
impingement. At 90O, erosion was dominated by the removal of weakened material on 
the periphery of impact craters. In the SprayStirred specimens, the presence of the 
carbide/oxide reinforcements reduces the depth of the craters owing to their increased 
hardness, while the small size of the particles prevents them from being easily dislodged 
from the matrix. 
 On the surface of the SprayStirred specimens, the refined Al2O3 and WC reinforcements 
limit the depth of the surface damage by imparting dispersion strengthening into the 
MMC. Additionally, the homogeneous distribution of carbide/oxides reduces the surface 
area of unreinforced AISI316 exposed to the slurry. 
 The WC-CoCr reinforced MMC demonstrated an 80% decrease in volume loss over the 
as-received AISI316 at 30O angle of attack. Additionally, the SprayStirred WC-CoCr 
exhibited a 75% reduction in volume loss over the as-deposited coating. The improved 
erosion performance is directly related to the reduction in interparticle spacing and 
matrix hardening through dispersion strengthening. 
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